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INTRODUCTION 
The  recent  development of  photoelectric  cells  and  amplification 
circuits has made it possible to obtain very accurate intensity measure- 
ments of luminescences so  weak that  eye-comparison methods  are 
quite unreliable.  The string galvanometer, with its very short period, 
permits an accurate record to be obtained even if the luminescence is a 
flash of very short duration.  By photographing the shadow of the 
string in the usual way, the flashing of fireflies in varying oxygen ten- 
sions has been recorded and results will be published in a later paper. 
Records of rapid changes in light intensity of a suspension of luminous 
bacteria have also been obtained. 
In a preliminary communication (1930)  we have described some of 
the results of our study of flashes of luminescence occurring when the 
luminous materials, luciferin and luciferase, of an ostracod crustacean, 
Cypridina  hilgendor~i, are mixed together.~  The present paper con- 
tinues  this  study.  It  should  be  recalled  that  light  production  by 
luminous animals is connected with the oxidation by oxygen in water 
solution of a  substance,  luciferin (LH2), in  the presence of another 
body, luciferase (A).  The luciferin is thermostable, diffuses slowly, 
and oxidizes to  a  compound, oxyluciferin (L),  which can be  again 
reduced  by  hydrogenation  to  luciferin.  The  luciferase, destroyed 
by  heat  and  colloidal  in  solution,  plays  two  r61es:  one,  that  of  a 
catalyst, accelerating the oxidation of luciferin; and second, that of 
supplying molecules which can be excited to luminesce by picking up 
1  The Cypridina material  was obtained  through  a  grant from the Carnegie 
Institution of Washington, whose support we gratefully acknowledge. 
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the  energy freed by oxidizing luciferin.  These  reactions might  be 
represented as follows:-- 
luciferin (LH2)  -t- 1/2 02  =  oxyluciferin (L')  +  H~O 
L' +  luciferase (A)  -- L  +  A'  A'  -  A  +  h~ 
The prime (') designation indicates an excited molecule possessing 
the energy of the reaction, which is in  this  case transferred to  the 
luciferase, the actual light  producing substance.  On  return  to  the 
normal state luciferase emits the excess energy as a quantum of light. 
The  spectral  energy curve for luminescence of  Cypridina has  been 
determined by Coblentz (1926), who found a maximum at X =  0.48/~. 
This would indicate that the heat of reaction and activation is greater 
than 59,800 cal., the Nhv value for light of X =  0.48/z.  The principal 
evidence for believing the mechanism of luminescence to be as stated 
above, is based on the chemical behavior of luciferin and the general 
theory of chemi-luminescent reactions, which has been discussed by 
Harvey (1927)  in a previous paper. 
It should be emphasized that any oxidative dehydrogenation having 
a  heat of reaction greater than 59,800  cal. will not suffice to excite 
luciferase to  luminescence.  Only the oxidation of luciferin will do 
this, and there is the same general specificity among luciferins from 
different animals that characterizes biological specificity of other kinds. 
Since luciferase is colloidal in character, this has a possible explanation 
in  the  specific  adsorption  of  luciferin on  luciferase molecules,  the 
energy transfer only occurring between adsorbed molecules. 
It is obvious that much important data for the analysis of the lumi- 
nescence mechanism can be derived from a study of the decay of lumi- 
nescence intensity when solutions of luciferin and luciferase containing 
excess of oxygen are mixed,  Amberson (1922), working in the senior 
author's  laboratory,  first  studied  these  decay  curves  by  allowing 
Cypridina light shining through a narrow slit to strike a photographic 
film wound on a revolving drum,  The light intensities were then read 
from the film in  terms of the blackening after  development.  The 
analysis of such records showed that, with the exception of the first 
second,  when light  intensity is  greater  than  expected,  the  "initial 
flash," the decay curve is that of a uni-molecular reaction, if light in- 
tensity at any time is assumed proportional  to  reaction velocity of 
oxidizing luciferin at that time.  In all experiments oxygen concentra- E.  NEWTON  HARVEY  AND  PETER  A.  SNELL  531 
tion was well above that at which luminescence intensity begins to be 
affected, so that the oxygen concentration may be assumed to undergo 
no change.  In fact the luciferase might be  compared to that of an 
oxidative catalyst whose surface was saturated with a film of oxygen. 
The velocity constant was about proportional to luciferase concen- 
tration.  In some experiments the velocity constant was almost inde- 
pendent of luciferin concentration, in others it increased with decrease 
of luciferin concentration.  The temperature coefficient is high, Q10 --- 
2.7  on the average, with some variation for different 10  °  intervals. 
Stirring had no effect on the slope of the decay curve. 
If light  intensity is  proportional  to  reaction velocity, we should 
expect the total amount of light to be proportional to luciferin con- 
centration  and  independent  of  luciferase  concentration.  Stevens 
(1927)  found that this was only  approximately true, the total light 
emitted being greater than expected for more dilute luciferase concen- 
trations as well as for more dilute luciferin concentrations. 
In Amberson's work the concentrations of luciferin and  luciferase 
used were such that the reaction could be quantitatively followed for 
36 to 43 seconds.  In Stevens' experiments a direct photometric com- 
parison of the luminescence intensity was made by eye with an opal 
screen whose illumination could be varied by known amounts.  The 
velocity constants were less and the reaction could be followed for 2 
to 3 minutes.  The time for ½ completion of the reaction averaged 
8  seconds  in  Amberson's  and  20  seconds in  Stevens'  experiments. 
Nevertheless most experiments showed the typical unimolecular decay 
curve, giving a  straight line (with the exception of the initial flash) 
when log intensity is plotted against time.  The discrepancies appear 
in the initial flash and among the velocity constants with different 
concentrations  of  luciferin.  We  believe  the  present  investigation 
gives an explanation of the different velocity constants with different 
luciferin concentrations.  It also shows that the unimolecular decay 
law holds even when the flash of light is so short as to decay to haft 
value in 0.5 seconds. 
Method 
The  apparatus  used  for  recording  rapidly varying  light  intensities  can be 
adjusted as regards sensitivity over a wide range.  As shown in the diagram, Fig. 532  ANALYSIS  OF  BIOLUMINESCENCES 
1, it consists of a photoelectric cell;  2 (the large gas-filled type used in television), 
an amplifier consisting of two 171A power tubes connected in push-pull,  and a 
high-sensitivity string galvanometer.  The values of the resistances and battery 
voltages are given in the figure.  One of the variable ll,000 ohm resistances has 
both  a  coarse  and  a  fine adjustment,  to permit  compensation  for inequalities 
between the two vacuum tubes.  The photoelectric cell with its guard ring, R, is 
mounted in a wooden box, the interior of which is painted black.  There are two 
openings in the box, one in the top into which a test tube can be fitted, and one in 
the side.  Either opening can be tightly closed when desired.  The outside of the 
box is covered with tin.  The amplifier is also enclosed in a tin-covered box, and 
the leads from the photoelectric cell to the amplifier pass through a tube of copper 
PAo'to 
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FzG. 1.  Amplification system for photoelectric cell.  Explanation in text 
screening.  The leads from the amplifier to the string galvanometer pass through 
lead  tubing,  and  the entire  galvanometer is  surrounded  by a  shield of copper 
screening.  The parts of the shield of the photoelectric cell, amplifier box, galva- 
nometer,  and  leads  are  all  connected  together,  but  are  not  grounded.  This 
elaborate shielding was found necessary because of alternating current lines in the 
vicinity and  the extreme sensitivity of the amplifier-galvanometer  combination 
to the pick-up of such disturbances. 
2 We take great pleasure in acknowledging the assistance of the General Electric 
Company, through Dr. Whitney, and especially of Doctors Hulett, Marvin, and 
KoUer who gave invaluable advice in connection with the photoelectric amplifica- 
tion.  The photo cell was a special type kindly supplied by the  General Electric 
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The apparatus was calibrated as follows:  a Macbeth illuminometer was set up 
so that the ground glass screen of the illuminometer  fitted into the hole in the side 
of the photoelectric cell box.  A Wratten filter No. 75 was placed in the illurnino- 
meter, as this filter passes light of nearly the same spectrum values as that of 
Cypridina luminescence.  As indicated in Fig. 2, it was found that there was strict 
direct proportionality between intensity of illumination (read directly from the 
inverse scale of the illuminometer) and excursion of the galvanometer string. 
For recording the light intensities from Cypridina extracts the following scheme 
was  finally adopted:  a  narrow test  tube of  25  cc.  capacity  was  painted black 
o 
l  / 
-/ 
O0  5 
/ 
/ 
/ 
10  15  20  25  30 
Light ir~tensity 
FIG. 2.  Linear relation between light intensity and deflection of string of gal- 
vanometer.  Arbitrary units for ordinates and abscissae. 
except for a window on the lower third of the tube 15 mm. in length over half the 
diameter of the tube.  About 6 cc. of solution brought the level of the liquid to 
the top of the window; 10 cc. of luciferin solution were used in every experiment, 
so that disturbances at the surface due to the force of mixing were prevented from 
complicating the records.  This test tube was firmly mounted in the hole in the 
top of the photoelectric cell box, so that the window in the tube came opposite 
the sensitive surface of the cell.  A pipette fitted with a rubber bulb was mounted 
above the test tube in such a way that when the bulb was squeezed the contents 
of the pipette, luciferase solution, were forcibly ejected into the test tube.  This 
method is quite similar to that used by Amberson for mixing the solutions. 534  ANALYSIS  OF  BIOLUMINESCENCES 
Frequently the initial  portion of the record would show jagged irregularities due 
to uneven mixing.  These were largely eliminated by first drawing up luciferase 
solution into the pipette and then some paraffin oil.  The paraffin oil will stay 
FIG. 3.  String galvanometer records of: A, mixing water and ink as described 
in text;  B  and C,  luminescences on mixing Cypridina luciferiu and luciferase. 
Abscissae give time in 0.2 seconds. 
at the bottom of the pipette if its bore is small, and when pushed out first, it 
serves to put the luciferin solution in the test tube in motion so that very rapid E. NEWTON  HARVEY  AND  PETER  A.  SNELL  535 
mixing is going on by the time the luciferase reaches the luciferin and the lumines- 
cence suddenly appears.  It was found unnecessary to use any stirring device, as 
the small amounts of solution and the force of ejection from the pipette brought 
about adequate mixing almost instantaneously. 
The time required for complete mixing of two solutions by this method  was 
measured in the following way.  A test tube was mounted in a wooden block 
provided with holes in such a way that a beam of light could be passed through the 
tube.  The block was mounted next to the hole in the side of the photoelectric cell 
box, and a small lamp set up, the light from which passed through the test tube 
into the cell.  The tube was filled with distilled water and ink was injected into 
the water, a record being taken of the speed with which the mixing took place as 
shown by the decrease in light passing  through the solution.  As shown in the 
record, Fig. 3 A,  mixing is complete in 0.06 seconds.  The average of all such 
experiments was 0.055 seconds.  When mixing is complete some light still passed 
the ink so that the record really pictures the time for homogeneous mixing.  The 
period of the string galvanometer at the voltage and tension used was about  0.007 
seconds. 
The extracts were always prepared fresh for each day's experiments, and used 
at 23-24°C.  All the luciferase solution needed for the day was prepared at one 
time;  the  luciferin  extracts were made separately for each  experiment, since 
luciferin  oxidizes  spontaneously in  air.  Concentrations used  are specified  for 
each experiment in the terms of grams of dry powdered Cypridin¢z to 11 cc. of 
solution.  The extracts were prepared in the usual manner: lucfferin, by pouring 
boiling water onto the dried powdered material and immediately cooling rapidly 
under the tap; ]uciferase, by grinding the animal material in a mortar with the 
necessary amount of distilled water, allowing to stand some minutes, then filtering. 
Luciferase solution also contains oxyluciferin. 
RESULTS 
Figs. 3 B  and C, give reproductions of records from typical experi- 
ments.  It will be noted that there is a period during which the light 
is developing to its maximum brightness.  In most cases this period 
is  longer  than  0.06  seconds,  the  time  found  experimentally  to  be 
required for mixing; hence it is possible to begin the analysis of the 
curve at the point of maximum light intensity, since mixing is complete 
and the solution is homogeneous before the decay of the light begins. 
The development of luminescence is too short for analysis. 
The ordinates on the photographic records are drawn on at the time 
of exposure by rulings  on the  cylindrical lens  of the  camera.  The 
abscissae are imposed on the records by a revolving wheel timed by an 
electrically driven tuning fork, the ratio being such that the distance 536  ANALYSIS  OF  BIOLUM:INESCENCES 
between each  white  line  represents ~,  of  a  second;  the  distance 
between the heavy white lines represents ]  of a  second.  The accu- 
racy of this  timing device was  tested  periodically against  60  cycle 
alternating current.  In  the graphs  of the records the  actual  time 
elapsed is given; arbitrary units of light intensity are used as ordinates, 
since it is unnecessary to know the absolute values. 
The graphical analysis of two typical records is shown in Fig.  4, 
in which log light intensity is plotted against time.  These illustrate 
the two classes into which the analysis of the decay curves group them- 
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FI(~. 4. Log luminescence  intensity in arbitrary units plotted against time in 
seconds for luminescences  without (A) and with (B) initial flashes. 
selves.  A  shows an experiment in which there was an initial flash, B 
shows an experiment in which no initial flash appeared.  It was found 
for one sample of Cypridi~a  powder that the initial flash appears when- 
ever the concentration of total luciferin is more than five times that 
of the luciferase.  For another sample the flash appeared  when the 
ratio was less than five.  As we have no way of telling what the abso- 
lute amount of luciferase or total luciferin is, this may merely mean 
that the proportions of these substances differed in the second sample, E.  NEWTON  HARVEY  AND  PETER  A.  SNELL  537 
which was collected in a different locality.  It must be recalled that 
throughout this paper  "concentration"  of luciferase or  luciferin is 
always expressed as:  grams dry Cypridina  powder used to  prepare 
luciferase  (or luciferin)  per cc.  solution.  By total  luciferin,  LT, is 
meant  luciferin  (LHs)  +  oxyluciferin  (L),--i.e.  luciferin  both  in 
reduced and in oxidized form.  Luciferase (A)  solution, because of 
its method of preparation,  always contains some oxyluciferin which 
must be added in to calculate the total LT. 
The initial flash is undoubtedly a reality.  It lasts much longer than 
the  disturbances  connected with  mixing the  solutions  and  is  the 
expression of a much greater velocity than corresponds to the subse- 
TABLE  I 
Effect of Enzyme (Luciferase) Concentration 
Experiment 
number 
F  11 
F  12 
E31 
E 35 
E  36 
E  24 
E  25 
Luciferin 
concentratio1~ 
0.10 
0.10 
0.05 
0.05 
0.025 
0.025 
0.025 
Luclferase 
concentration 
0.01 
0.005 
0.04 
0.01 
0.01 
0.005 
0.0025 
Total 
luciferin 
concentration 
0.11 
0.105 
0.09 
0.06 
0.035 
0.03 
0.0275 
Ratio of  [ 
Slope  enzyme  ] 
 Lo- V- 
10.0  concentration 
4.8 
56.4 
-16.8  0.25 
29.0 
12.0 
7.4 
0.5 
0.25 
Ratio  of 
slopes 
0.48 
0.298 
0.414 
0.255 
quent decay.  If not marked, i.e. if of short duration, the log intensity 
of the flash plotted against time appears to be a straight line, but if 
the ratio of total luciferin to luciferase is very large (10 to 20) the slope 
of log initial flash against time is curved and merges into the subse- 
quent reaction whose log intensity against time is also not a straight 
line, but concave to the time axis.  These curves are not such as to 
indicate  a  bimolecular  process.  They  are  similar  to  conditions 
observed in enzyme reaction in general where additional factors, such 
as percentage of catalyst covered by substrate, come into play, when 
substrate concentration is high compared to that of enzyme. 
Accordingly, we have turned to conditions where ratio of luciferin 
to luciferase is small and where the plot of log intensity against time 538  ANALYSIS  OF  BIOLUMINESCENCES 
gives a straight line.  Under these conditions we can confirm Amber- 
son's and Stevens' findings that the velocity constant (slope of the log 
light intensity--time  plot) is very nearly proportional to the concentra- 
tion of the enzyme, luciferase.  It is interesting to find that this rela- 
tion  holds  approximately,  as indicated in  Table  I,  even when  the 
luminescence is of a few seconds duration. 
The anomaly which still appears has to do with the effect of luciferin 
concentration, which should not affect the velocity constant provided 
we are dealing with a  homogeneous unimolecular reaction in which 
the light intensity is a measure of the rate of oxidation of luciferin. 
TABLE  II 
Effect  of Substrate  (Zuciferin~  Concentration 
Total  Slope X  Experiment  Luciferin  Luciferase  luciferin  Slope  dilution of 
number  concentration  concentration  concentration  luciferase 
X2 
E5 
E  12 
E  15 
E  16 
E  21 
E  23 
E  33 
0.025 
0,05 
0.013 
0.00625 
O. 00625 
0.0125 
0.0125 
0.0125 
0.02 
0.02 
0.02 
0.02 
0.012 
0.01 
O. 0025 
0.04 
O. 045 
0.07 
O. 033 
0.026 
0.018 
0.0025 
0.015 
O. 0525 
50 
29.5 
53.3 
67 
45.5 
35 
11 
90 
50 
29.5 
53.3 
67 
76 
70 
88 
45 
Table II shows the effect of luciferin (substrate)  concentration on 
the velocity constants of the reaction.  It is evident from an inspec- 
tion of the table that the velocity constant is decidedly not independent 
of the luciferin concentration.  Amberson found similarly in some of 
his experiments that "the more dilute solution appeared, in all but 
one case, to fall through the decay curve with a faster reaction velocity 
than its companion concentration solution."  He then reports some 
experiments in which he decreased the concentration of luciferin by 
accelerating with heat its spontaneous oxidation.  In these cases the 
velocity constant was found to be nearly independent of the luciferin 
concentration (i.e., independent of the degree of spontaneous oxidation 
which has taken place).  Stevens' tables show a like relationship, the 
less concentrated substrate showing a larger velocity constant for the 
same enzyme concentration.  In these experiments the concentrations E.  NEWTON  HARVEY  AND  PETER  A.  SNELL  539 
were varied by  using  different  amounts of whole animal powder in 
making  the  extracts. 
Amberson's experiments suggest that when total luciferin  -4-  oxy- 
luciferin are constant (as would be the case if the spontaneous oxida- 
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FIG. 5. Log luminescence intensity  in arbitrary units plotted against time in 
seconds for equal luciferase concentrations but varying luciferin and oxyluciferin 
concentration as given in Table III. 
TABLI 
~ffect  of  Total  Luci 
1TI 
'erin  Concentration 
Experiment  Enzyme  Luciferin  Oxyluciferin  Total  Slope 
concentration  (initial)  (initial)  luciferin 
1  0.02  0.05  0  0.07  25 
2  0.02  0.0125  0.0125  0.045  50 
3  0.02  0.025  0  0.045  49 
4  0.02  0.0125  0.0125  0.045  50 
tion of luciferin were accelerated by heat), the velocity constant is the 
same for different concentrations of luciferin, and the records of Fig. 5 
prove  this  point.  They  were  made  by mixing  luciferin  and  oxy- 540  ANALYSIS  OF  BIOLUMINESCENCES 
luciferin solutions in  the proportions indicated in Table  III.  Note 
that whenever the concentration of luciferin  +  oxyluciferin  is kept 
constant, the velocity constant (slope) does not change, despite wide 
variations in the proportions of luciferin and oxyluciferin, which only 
affect the intercept on the intensity axis.  It is total luciferin +  oxy- 
luciferin,  (LT),  which determines the constant,  k,  and not  luciferin 
(LH2)  concentration. 
The question next arises as to how the velocity constant varies as 
total luciferin +  oxyluciferin concentrations vary.  This relationship 
is shown graphically in Fig. 6, a graph based on six series of experiments 
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FIG. 6.  Relation between velocity constant (slope of log intensity--time plots 
allowing for luclferase concentration) and total luciferin (LT) (luciferin + oxyluci- 
ferin) concentration. 
totaling 38 records, covering a range of substrate concentrations from 
0.2 gm. per 11 cc. to 0.00625 gm. per 11 cc., and enzyme concentrations 
ranging from 0.01 to 0.0025 gm. per 11 cc.  Since the velocity constant 
has been shown to be proportional to  the enzyme concentration, it 
seemed advisable in studying the effect of total luciferin concentration 
to  use varying concentrations of enzyme and then to  multiply the 
experimentally determined velocity constants by a factor correcting for 
the degree of dilution of the enzyme, as in this way the relation could 
be more thoroughly tested.  Slope is plotted against total luciferin + 
oxyluciferin concentration, and it will be observed that with concen- E.  NEWTON  HARVEY  AND  PETER  A.  SNELL  541 
trated total luciferin the slope is nearly independent of the total luci- 
ferin  (LT),  whereas  with  dilute Lw the  slope  becomes increasingly 
steeper. 
The curve is of such a nature that the slope is inversely proportional 
to the ~  over all except the range with high ratio of ~v/LTT to luci- 
1 
ferase; that is, slope  -- K  L--~T.  One can best  see the relationship by 
plotting  the reciprocal  of  the  ~'~T  against  the velocity constants 
(slopes) A  straight line is obtained with  some deviation in  the high 
LT concentration region, as shown in Fig. 7. 
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FIG. 7. Velocity constants of Fig. 6 plotted against reciprocal of square root of 
total luciferin +  oxyluciferin (L~) concentration. 
The general form of the curve is similar to adsorption curves  and 
immediately  suggests  that  the  slope  measures  the  adsorption  of 
luciferin and oxyluciferin  on luciferase.  In addition, both the luciferin 
and  oxyluciferin must  follow the same  adsorption isotherm.  Once 
adsorbed on luciferase, we have the luminescence intensity propor- 
tional to luciferin concentration and falling off logarithmically accord- 
ing to the unimolecular equation.  We must further assume that only 
the adsorbed luciferin molecules are activated and can oxidize, giving 
rise to luminescence.  The velocity constant is a measure of the per 
cent of change in unit time, so that we may select the unit of time as 
that when half the adsorbed molecules have reacted.  If 100 molecules 542  ANALYSIS  OF  BIOLUMINESCENCES 
are present and ~¢/1-~ =  10 are adsorbed, five will react in one unit  of 
5 
time and  the  oxidation  will  be  ~.  With  half  the  concentration, 
50 molecules,  ~/~  =  7  +  will be adsorbed and 3.5 molecules in 50 
7 
will  react  in  unit  time  or  i-~'  a  higher  velocity.  All the  luciferin 
will finally react, since we must consider that both luciferin and oxy- 
luciferin are continually stepping on and off the luciferase surface.  At 
the end of the reaction there are still ten molecules adsorbed from the 
solution with 100 molecules present and seven molecules adsorbed from 
the  solution with 50 molecules present,  but they are all oxyluciferin 
molecules.  The luminescence  has  ceased.  The  velocity constant  is 
greater  with more dilute LT for the  same reason  that  the  velocity 
constant is greater the higher the temperature, because of the greater 
proportion of activated molecules, activated in this case by a change in 
the  adsorption  equilibrium.  Here  we  have a  rather  unique  case of 
the same adsorption equilibrium of reactant and resultant  giving us 
always the unimolecular curve, but a velocity constant  which varies 
with the concentration  of LT and in fact measures the adsorption of 
LT on the catalytic surface. 
DISCUSSION 
We are aware that the change of slope with changing total luciferin 
concentration may have another explanation than that of adsorption, 
namely, the formation of enzyme-substrate compounds, a  suggestion 
already made for the case of enzymic inversion of cane sugar. 
Michaelis  and  Menten  (1913)  have  explained  the  deviations  of 
invertase kinetics by assuming that the cane sugar forms a compound 
with invertase, the rate of reaction depending Qn the concentration of 
this enzyme-substrate compound rather than on substrate  concentra- 
tion.  For the same concentration of enzyme and varying concentra- 
tions  of  cane sugar,  the  initial  velocity of  inversion  is  determined 
by an equilibrium as follows:-- 
Substrate (S)  +  enzyme (E  -  e)  =  enzyme-substrate (e), in which 
E  =  total enzyme and e  =  combined enzyme.  From the law of mass 
action, 
(s)  ×  (E -  e) 
----  K; 
6 E. NEWTON  HARVEY  AND  PETER  A.  SI~ELL  543 
S 
Rearranging, e  =  E  S  +  K" 
If initial reaction velocity is proportional to e,  initial velocity  = 
S 
kE-- 
S+K" 
This expression is similar to the dissociation residue curve for an 
[  in which we plot the percentage of undis- 
H 
acid  1  -  a-  (H)  +  K 
sociated acid (1  -  a) against the negative logarithm of the H ion con- 
centration (pH) and obtain the characteristic S-shaped curve.  Simi- 
larly, if we plot the initial velocity of inversion of cane sugar against the 
negative logarithm of the cane sugar concentration for the same con- 
centration of invertase (E), we get an S-shaped curve whose mid point 
gives  the  constant  K,  the  dissociation  constant  for  the  enzyme- 
substrate compound. 
It should be pointed out that this type of S-shaped curve is also 
characteristic of Langmuir's adsorption equation for relating the frac- 
tion of surface (0) covered by a mono-layer of gas atoms to the pressure 
(p) of gas.  (1 -  0) is the fraction of surface uncovered and the rate of 
collection of gas =  kip (1 -  0).  The rate of evaporation of gas from 
the surface --- k~0. 
k~p 
At equilibrium, klp (1-0)  =  k.~0, and 0 -  ks  +  kip" 
The form of the equation is  the same and 0 plotted against  the 
negative logarithm of p  gives the same characteristic S-curve.  If we 
assume that only the substrate adsorbed on the enzyme molecules is 
activated and undergoes change, the Michaelis-Menten curves can be 
explained on the Langmuir adsorption isotherm, the mid portion of 
which corresponds to  the  Freundlich adsorption  relation.  The log 
dx 
plots of d/against time will not give straight lines, since the equilibrium 
between enzyme and cane sugar adsorbed is continually changing as 
the cane sugar is converted into glucose and levulose.  However the 
fundamental effect is that the average velocity becomes greater the 
less  the initial  cane  sugar  concentration,  as  relatively more  cane 
sugar is adsorbed and activated the greater its dilution. 
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tion equilibrium as the substrate, the adsorption equilibrium is con- 
stant  through the  reaction  and  reaction velocity falls  off  logarith- 
mically as substrate is converted into reaction products.  The velocity 
constant, however, becomes greater the weaker the substrate concen- 
tration, corresponding to the relatively greater adsorption from weak 
solutions.  We believe this is the situation in the case of the luciferin- 
luciferase reaction discussed in this paper. 
Another example of the  application of the  Langmuir adsorption 
relation to biological phenomena is given by Shoup's (1929) studies on 
oxygen consumption of luminous bacteria at various oxygen pressures. 
The curve looks like an adsorption curve and plotted as percentage of 
maximal respiratory rate (oxygen consumption) against-log oxygen 
pressure gives a characteristic S-shaped curve.  The logical explana- 
tion would appear to be given by assuming that rate of respiration is 
determined by the percentage of surface of the respiratory catalysts 
covered  by  a  layer  of  oxygen.  This  should  obey  the adsorption 
isotherm. 
It is unfortunate that the adsorption and intermediary compound 
views both lead to the same kinetic picture of enzyme action, for we 
obviously cannot distinguish between them in this way, as has  been 
pointed out by  Hitchcock  (1926)  in  connection with  the  behavior 
of proteins. 
As a matter of fact these views represent merely our mental picture 
of what is taking place between minute particles, and we prefer the 
adsorption explanation which is in line with the recent treatment of 
contact catalyses (Taylor, 1930;  Hinshelwood, 1929). 
SUMMARY 
1.  The  rapid  decay  of luminescence in  extracts  of  the  ostracod 
crustacean Cypridina  hilgendorfii, has  been  studied by means of a 
photoelectric-amplifier-string galvanometer recording system. 
2.  For rapid flashes of luminescence, the decay  is logarithmic if 
ratio of luciferin to luciferase is small; logarithmic plus an initial flash, 
if ratio of luciferin to luciferase is greater than five.  The logarithmic 
plot of luminescence intensity against time is concave to time axis if 
ratio of luciferin to luciferase is very large. 
3.  The velocity constant of rapid flashes of luminescence is approxi- E.  NEWTON HARVEY AND  PETER  A.  SNELL  545 
mately proportional to enzyme concentration, is independent of luci- 
ferin concentration, and varies approximately inversely as the square 
root of  the total luciferin  (luciferin  -k  oxyluciferin)  concentration. 
For large total luciferin concentrations, the velocity constant is almost 
independent of the total luciferin. 
4.  The variation of velocity constant with total luciferin concentra- 
tion (luciferin  -b oxyluciferin) and its independence of luciferin con- 
centration is explained by assuming that light intensity is a  measure 
of the luciferin molecules which become activated to oxidize  (accom- 
panied with luminescence) by adsorption on luciferase.  The adsorp- 
tion equilibrium is the same for luciferin and oxyluciferin and deter- 
mines the velocity constant. 
We  take  pleasure  in  thanking  Mr.  Charles  Butt,  Research  As- 
sistant in Physiology, for his aid  in  recording these luminescences. 
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